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Abstract
Forest road networks are exposed to damage by traffic, climate, timber harvesting and vegeta-
tion. To maintain their functionality, they must be maintained regularly. Periodical mainte-
nance is required when the forest road surface layer is deteriorated and eroded. Well-graded 
material is required for replacing the forest road surface and often has to be sourced from 
gravel storage areas, which is costly and requires a large number of truck trips. Therefore, 
converting non-graded aggregate available on site into well-graded aggregate with a mobile 
stone crusher is considered a viable alternative.
The present study was carried out during a periodical maintenance treatment at the Bavarian 
State Forest Enterprise and the effect of employing a mobile stone crusher was evaluated with 
regard to (1) forest road load bearing capacity development during a one-year period post-
treatment, (2) particle size distribution of the surface layer material before and after crushing, 
and (3) its cost compared to other alternatives. Samples were collected pre- and post-operation 
for particle size distribution analysis, load bearing capacity was measured repeatedly with a 
light falling weight deflectometer and compared to an untreated reference section and cost of 
the treatment was compared to two alternatives.
The mobile stone crusher was capable of reducing the non-graded to well-graded/close-to-well-
graded material and particle size distributions aligned well with the recommendations for 
lime-water bonded surfaces. Load bearing capacity exceeded the threshold of 40 MN m–2 
 (Evd, elastic modulus dynamic) for primary forest roads at all times. It increased significantly 
after the treatment and remained on a significantly higher level throughout the following year. 
Absolute and relative increases were higher than on the untreated reference section. The treat-
ment variant involving a mobile stone crusher and material available on site was substan-
tially cheaper (5.31 € m-1) than to supply non-graded (16.29 € m-1) or well-graded (19.82 € m–1) 
material by truck. Material and transport costs represented 67% and 82% of the total costs 
in the latter two cases. It can be concluded that mobile stone crushers are capable of producing 
at least close-to-well-graded forest road surface aggregate and that forest road load bearing 
capacity can be significantly and lastingly increased at only a part of the costs of the alterna-
tives. A maximum of cost and resource efficiency and environmental soundness can be attained 
when enough surface aggregate is available on site. If this is not the case, sourcing non-
graded material as local as possible is the next best alternative.
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Traffic (transport of goods and machinery, snow-
plowing, cattle drive), timber harvesting, climate (pre-
cipitation, melting water, frost, desiccation) and veg-
etation (above and on the road) are the main causes 
for damage to forest roads. Damages include (1) con-
tamination (soil, foliage or excrements), (2) local dam-
age (potholes, cracks and displacement), (3) wear of 
the surface layer or (4) structural damage to base and 
surface layers (Hirt 2001).
1. Introduction
Forest road networks provide access to forest re-
sources, enable transport of timber from the forest to 
the mill and are a prerequisite for efficient and sustain-
able forest management (Uusitalo 2010). They further 
provide access during disaster relief operations, are 
habitat to a wide variety of plant and animal species 
and serve for recreational purposes (BMLRT 2019).
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The purpose of the surface layer is to absorb the 
shear stresses exerted by vehicle wheels, protect the 
base layer from penetration by rainwater and erosion 
by vehicle wheels and precipitation. Further, it ensures 
trafficability and traffic safety and drains off rainwater 
(Kuonen 1983). The forest road surface layer is eroded 
over time by heavy rains, which wash away small size 
particles and cause subsequent release and rolling 
away of coarser particles, and vehicle tires that dis-
lodge and disperse the material. Further aggregate is 
lost during re-grading or due to bad practices, like 
extraction or processing of timber on the road (Ryan 
et al. 2004). In addition to that, aggregate is crushed 
and swiped of the forest road surface by traffic (Rhee 
et al. 2018). As a result, the thickness of the forest road 
surface layer, and consequently its load bearing capac-
ity, decrease (Kuonen 1983, Ryan et al. 2004).
To preserve trafficability, traffic safety and struc-
tural integrity, forest roads have to be maintained 
regularly. Ongoing maintenance is carried out on de-
mand (e.g. after heavy rainfalls), but at least once a 
year. Removing contamination and repair of local 
damages are typical activities. Periodical maintenance 
is required as soon as the forest road surface layer is 
worn off and eroded, thus not thick enough to bear the 
applied traffic loads, and typically at intervals of 6 to 
12 years. It includes replacing and/or adding of surface 
layer aggregate and reshaping of the forest road sur-
face (Hirt 2001, Ryan et al. 2004). If ongoing mainte-
nance is carried out timely and properly, service life 
of the surface layer and the interval for periodical 
maintenance can be considerably extended (Dietz et 
al. 1984). Finally, the forest road might lack sufficient 
load bearing capacity altogether, as it had been de-
signed for a lower frequency and intensity of traffic 
when it was constructed. To increase the load bearing 
capacity, additional surface layer aggregate must be 
applied (Kuonen 1983, Hirt 2001).
Strength, compatibility, water absorption capacity, 
frost sensitivity and workability of the material used 
in forest road construction are determined by its par-
ticle size distribution. The load bearing capacity of 
crushed, well-graded material is considerably higher 
than for non-graded material (Dietz et al. 1984). In 
most cases, well-graded material is not available on 
site and must be supplied over significant transport 
distances. For this reason, forest road surface layer 
construction is often the most expensive element of a 
forest road (Kramer 2001). The same applies to peri-
odical maintenance, where supplying of additional 
material from external sources is the most expensive 
component (Maier 1991, Ryan et al. 2004).
Semi-mobile crushing plants and mobile stone 
crushers allow to convert non-graded material not 
suitable for construction of forest roads into well-grad-
ed material similar to that produced by stationary 
crushers in gravel storage areas (Fernsebner 1995, 
Gnanendran and Beaulieu 1999). As raw materials 
available on site or nearby can be used and do not have 
to be transported over long distances, this presents a 
cost- and resource-efficient and environmentally 
sound alternative to sourcing well-graded aggregate 
from gravel storage areas (Brossmann 1986, Stooss 
1987, Stampfer 1991, Rohringer 1992, Bennet and 
Provencher 1995, Fernsebner 1995, Bassel 1998, Bassel 
and Clements 1998, Sheehy 2001).
Contrary to semi-mobile crushing plants, mobile 
stone crushers break up the material on the forest road 
and while moving. The workflow during a periodical 
maintenance treatment is the following: Firstly, the 
existing surface layer is ripped open with a grader, 
and suitable material from embankments and ditches 
is windrowed along the forest road centerline. In case 
that there is not enough material to ensure a sufficient-
ly thick surface layer, further coarse, low-cost mate-
rial can be added. It is then broken up by the mobile 
stone crusher and the desired road surface is pro-
duced by the grader and finally compacted by a roller 
 (Fernsebner 1995).
The working principle of a mobile stone crusher is 
that of impact crushers, where the material to be 
crushed is broken up between a crushing bar and 
hammers arranged on rotor (Heuer et al. 1994). This is 
a power-hungry task. Therefore, mobile stone crush-
ers require base machines equipped with a PTO-shaft 
and considerable engine output (Fernsebner 1995). 
Since their introduction in the 1980s, mobile stone 
crushers have been developed further in terms of func-
tionality and reduction of wear and tear of the crusher 
and strain on the base machine. Today, mobile stone 
crushers are often designed as multi-purpose ma-
chines that can also include stone and stump grinding 
and mulching services (PTH 2020).
Though mobile stone crushers are frequently em-
ployed in forest road maintenance operations and 
considered a cost- and resource-efficient and more 
environmentally sound alternative to sourcing well-
graded material from a gravel storage area by truck, 
recent scientific literature on the subject is rare, and the 
investigation of mobile stone crushing treatments in 
terms of the effect of crushing on particle size distribu-
tion of the surface layer material, forest road load bear-
ing capacity development after the treatment and cost 
of the treatment in comparison to other alternatives, is 
much less comprehensive.
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The goal of the present study thus was to evaluate 
the effect of a mobile stone crushing treatment with 
regard to (1) forest road load bearing capacity devel-
opment during a one-year period post-treatment, (2) 
particle size distribution of the surface layer material 
before and after crushing, and (3) cost of the treatment 
in comparison to alternatives.
2. Materials and Methods
2.1 Study Area
The study area was located in the province of 
 Bavaria in the German Alps and in the forest districts 
Jachenau and Kochl am See, both part of the Bavarian 
State Forest Enterprise, forest management unit Bad 
Tölz. It is part of the Northern Limestone Alps and 
limestone and dolomite form the bedrock in the study 
area. Three test sections (A to C) of 300 to 400 m length 
were selected along the 6730 m long Glaswald forest 
road, a road section built between 1970 and 1980, 
which was subjected to the maintenance treatment. A 
fourth test section (R) was chosen as an untreated ref-
erence on a nearby forest road, comparable to the Glas-
wald forest road in age, design and maintenance his-
tory. Average terrain slope in test sections A to C was 
35 to 45% and about 30% in the reference section R.
2.2 Maintenance Treatment and Crushing 
Equipment
The maintenance treatment was carried out on the 
total length of the Glaswald forest road between the 
end of September and mid-October 2015. On all sec-
tions, the so-called »Bachkies«, gravel from a river 
deposit, had been used for the forest road surface 
layer. In test section A, enough surface material was 
available locally. Contrary, in sections B and C, the 
forest road surface layer was too worn to ensure suf-
ficient pavement thickness and additional Bachkies 
gravel material had to be supplied from a gravel stor-
age area. A MAN TGX 4-axle dump truck with a pay-
load of 17 tons was used for transport and for deposit-
ing a 5 to 8 cm thick layer of non-graded material on 
the forest road. Surface layer and, in case of sections B 
and C, additional material were then windrowed 
along the forest road centerline by a 19-ton Caterpillar 
14H motor grader with a blade width of 4.30 m. Sub-
sequently, the material was crushed with a PTH 2500 
HD mobile stone crusher. Finally, the motor grader 
and a 12-ton Hamm 3412 oscillating smooth drum 
roller were employed to make and compact the forest 
road surface.
The PTH 2500 HD mobile stone crusher (Fig. 1) has 
a net weight of 6250 kg and a working width of 2.5 m. 
It requires a base machine with a PTO-shaft and a 
minimum engine power of 191 kW. Travel speed dur-
ing operation is 0.3 to 0.4 km h-1. During the study, it 
was mounted on a 10-ton Fendt 939 tractor with an 
engine power of 265 kW. The material to be crushed 
can be picked up from a depth of up to 0.35 m below 
surface and is broken up between a crushing bar and 
32 hammers arranged on a 1550 kg rotor. The desired 
particle size distribution is attained through adjusting 
the spacing between hammers and crushing bar (10 to 
70 mm) and rotor rotation speed. The crusher is de-
signed to process material up to a hardness of 200 to 
250 N m-2. The harder the material, the more often the 
hammers and the crushing bar must be replaced. At a 
hardness of 80 to 110 N m-2, their durability is about 
200 working hours, and around 100 working hours at 
a hardness of up to 160 N m-2. Hard metal protection 
plates are available to reduce rotor wear.
2.3 Load Bearing Capacity Monitoring
Soil bearing capacity is a characteristic that aids the 
decision whether a forest road is in need of periodical 
maintenance, as visual assessment alone does not al-
ways allow a clear decision (Hirt 2001, Kaakkurivaara 
et al. 2015). Further, daily measurements in the thaw-
ing period allow to determine if the road is trafficable 
at the moment or if it has to be closed for traffic 
 (Kaakkurivaara et al. 2015). Soil bearing capacity is 
defined as the ability to bear a given load without 
 excessive deformation (Giudicetti 1968). Excessive 
 deformation refers to irreversible consolidation and 
plastic deformations (Dietz et al. 1984). Soils of higher 
bearing capacity are deformed more slowly and to a 
Fig. 1 »PTH Crusher 2500 HD« mounted on a Fendt 939 tractor 
crushing the windrowed ungraded material and leaving behind 
graded forest road surface layer material
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lesser extent than soils with a low bearing capacity 
(Kuonen 1983). Falling weight deflectometers (FWD), 
dynamic cone penetrometers (DCP) and light weight 
falling deflectometers (LWFD) are the most common 
tools for measuring load bearing capacity. While 
FWDs are cumbersome tools, usually mounted on a 
trailer, DCPs and LFWDs are easily portable, less ex-
pensive and faster and easier to use than the former 
ones (Kaakkurivaara et al. 2015). LWFDs were origi-
nally designed to verify the compaction and bearing 
capacity of soils during earthwork and pavement con-
struction, but have proven to be capable of accurate 
measuring on gravel- and asphalt surface roads, too 
(Steinert et al. 2005). Kaakkurivaara et al. (2015) con-
ducted a comparative study of FWD, DCP and LFWD 
measurements on forest roads and concluded that 
 LFWDs and DCPs constitute reasonably reliable sub-
stitutes for FWD measurements and are suitable for 
determining trafficability and the need for maintenance 
or rehabilitation of forest roads.
LWFD measurement is based on the momentary 
deformation of the ground surface. In the present 
study, a TerraTest 3000 GPS LFWD was employed, 
which has proven to be a reliable tool for this purpose 
in several other studies (Bohrn et al. 2014, Fichtinger 
2014, Fritz 2019, Riegler 2019). For measuring the mo-
mentary deformation of the ground surface, a 10 kg 
weight is dropped on a 300 mm wide circular loading 
plate from a height of 1140 mm. Thereby, an impulse of 
7.07 MN is generated and the force is gauged during the 
calibration to ensure a normal tension of 0.1 MN m–2. 
Through deflection sensors mounted on the load plate, 
the deformation of the pavement in response to the 
load is measured. Prior to the actual measurement, the 
weight has to be dropped three times for levelling the 
loading plate on surface. During three further drops, 
the deformation of the surface in response to the load 
is measured, averaged and converted to elastic modulus, 
deflection module or load bearing capacity (Evd, elastic 
modulus dynamic; MN m-2). In addition, the record of 
each measurement point includes consolidation extent 
(mm) and speed (mm s-1), as well as descriptive para-
meters (GPS location, timestamp). Records can be 
printed, accessed on the LWFD display or through 
connecting it to a computer via cable or a smartphone 
via Bluetooth. Principally, the TerraTest 3000 GPS can 
be used for any type of road construction operation. 
However, the use is limited by the maximum particle 
size, which shall not exceed 63 mm. Its maximum 
 measurement depth is 60 cm. It is equipped with a 
Fig. 2 Measurement spacing of forest road load bearing capacity on 300 m and 400 m test sections and layout on sample points
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rechargeable battery and can be transported between 
measurement points on dedicated vehicle similar to a 
hand-truck, which significantly reduces physical 
strain for the person conducting the measurements 
(TerraTest 2009).
Load bearing capacity measurements were con-
ducted right before and after the maintenance treat-
ment in September and November 2015, and in May, 
July and November 2016. Within each test section, five 
test sections were established (Fig. 2). These were dis-
tributed at 50 m intervals in 300 m sections (B, C and 
R), while two 100 m intervals were added in the 400 m 
test section (A). Each sample section comprised of nine 
single measurement points arranged in a square net-
work fashion with three measurement points spaced 
about 2 m on the road centerline and on each wheel 
path. Centerline and wheel path measurements had 
to be spaced at least 50 cm apart. To avoid erroneous 
results due to compaction of sample points, test sec-
tions were shifted along the forest road between mea-
surement dates to avoid repeated sampling of the 
same measurement point. Test sections were also 
shifted if located above a drainage pipe.
Load bearing capacity data was exported via the 
TerraTest software to a PC and checked for complete-
ness, consistency and plausibility. Descriptive statis-
tics and graphs were prepared in Microsoft Excel. 
Statistical analysis (Scheffe-test, ANOVA, t-test) of 
load bearing capacity development over time was car-
ried out with the statistical software IBM SPSS Statis-
tics 21, and an alpha level of 0.05 was used throughout 
the study. To be considered acceptable in terms of load 
bearing capacity, the load bearing capacity limit for 
primary forest roads traversed by standard timber 
transport trucks with a gross vehicle weight of up to 
40 tons (40 MN m-2 Evd; elastic modulus, dynamic; 
 Kuonen 1983, Dietz et al. 1984) had to be exceeded.
For better interpretability of load bearing capacity 
development, meteorological data was sourced from 
the German National Meteorological Service (DWD) 
for the period of September 2015 to November 2016 
from local meteorological stations. Air temperature 
data was retrieved from the Mittelwald-Buckelwiese 
station (18.9 km from the study site, 981 m above sea 
level) and precipitation data from the Jachenau- 
- Tannern station (6.7 km from the study site, 720 m 
above sea level).
2.4 Particle Size Distribution Sampling and 
Analysis
Particle size distribution sampling and analysis 
were conducted in accordance with OENORM EN ISO 
17892-4 (2017). Samples were taken from the wind-
rowed material on test sections A and B before and 
after crushing and from the additional material sup-
plied to section B. On each of the load bearing mea-
surement intervals, a sample was collected. Each was 
composed of a mix of wheel path and centerline mate-
rial collected along a cross-section of the piled mate-
rial. Samples were taken with a shovel, sealed into 
buckets with a lid and provided with an ID.
Particle size distribution analysis included dry- and 
wet sieving and a sedimentation analysis. Particle size 
fraction masses were entered into a Microsoft Excel 
spreadsheet. From this data, particle size distribution 
curves were created and compared to optimum parti-
cle size distribution for lime-water bonded pavements 
(Kuonen 1983). Particle size distributions are described 
by Fuller-curves (Fuller and Thompson 1907), which 
are parabolic in shape and include an exponent e that 
describes the particle shape. For a low void mixture, 
such as gravel, e lies between 0.40 and 0.55 (Kuonen 
1983). Particle size distributions were further described 
by their median (d50) and mean particle sizes. Finally, 
the material suitability for construction purposes was 
classified according to DIN 18196 (2011).
2.5 Cost Calculation
Maintenance treatment costs were calculated for 
the Glaswald forest road total length of 6730 m and 
three different scenarios. In scenario A, no additional 
material is required. Contrarily, in scenarios B and C 
additional material is brought in. In case of B, it is non-
graded material (all grain sizes and natural grain size 
distribution), while it is crushed, well-graded gravel 
material (0 to 32 mm grain size), with a grain size dis-
tribution suitable for forest road surface layer con-
struction without further need for crushing in C. The 
required volume of additional material was obtained 
by weighing cross-segments of windrowed material 
after the crushing treatment. The additional material 
is sourced from a local gravel storage area at costs of 
9.20 € t-1 for the non-graded and 12.70 € t-1 for the well-
graded material (Rohrdorfer 2018). Transport is con-
ducted with a 4-axle dump truck. A motor grader is 
employed for windrowing the local and supplied sur-
face layer material and for grading of the forest road 
in all scenarios. The material is crushed by the stone 
crusher in scenarios A and B, but not in C. In all sce-
narios, a vibrating roller is used for compaction of the 
surface layer. System productivity (meters per pro-
ductive system hour including delays up to 15 min; 
m PSH15-1) and cost (Euro per productive system hour 
including delays up to 15 min; € PSH15-1) for all ma-
chines were obtained from long-term records of the 
Bavarian State Forest Enterprise (Table 1).
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3. Results
3.1 Forest Road Load Bearing Capacity
On test sections A to C, the load bearing capacity 
exceeded the 40 MN m-2 threshold before the treat-
ment in September 2015, and average load bearing 
capacity ranged from 47.1 to 58.7 MN m-2 (Fig. 3). On 
the reference section R, a load bearing capacity of 
75.1 MN m–2 was observed. Two months later, and 
after the maintenance treatment, the load bearing 
 capacity increased considerably on all test sections. An 
increase to more than double (plus 112 to 120%) the 
previous load bearing capacity was observed on test 
Table 1 Maintenance treatment cost for variants A to C. Total costs are calculated for the Glaswald forest road length of 6730 m
Item Parameter Unit Scenario A Scenario B Scenario C
Material
Supplied material type – – non-graded well-graded
Cost € t-1 – 9.20 12.70
Demand t m-1 – 0.55 0.7
Cost € m-1 – 5.06 8.89
Total demand t – 3503.5 4459.0
Total cost € – 32,232.20 56,629.30
Truck transport
Distance (back and forth) km – 80
Average speed km h-1 – 50
Payload t – 17
Loading/Unloading time consumption PSH15 – 1
Driving time consumption PSH15 – 1.6
Cost € PSH15-1 – 70.00
Cost € load-1 – 182.00
Total loads n – 207 263




Total time consumption PSH15 54.9
Cost € PSH15-1 95.00




Total time consumption PSH15 35.6 –
Cost € PSH15-1 340.00 –




Total time consumption PSH15 101.1
Cost € PSH15-1 95.00




Total time consumption PSH15 92.32
Cost € PSH15-1 75.00
Total cost € 6923.91
Total cost
€ 33,845.72 103,751.92 126,241.58
€ m-1 5.31 16.29 19.82
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sections A to C (103.8 to 125.9 MN m-2), while a more 
modest increase of 40% was observed on the untreat-
ed section R (103.7 MN m-2). Eight and ten months 
after the treatment, in May and June 2016, the average 
load bearing capacity in sections A to C (72.6 to 
75.1 MN m–2; 71.1 to 82.0 MN m–2) was statistically 
significantly above the initial levels (plus 24 to 59% 
and 21 to 74%). For comparison, the load bearing ca-
pacity on reference section R (80.2 MN m-2) was 7% 
above the level of September 2015 and May 2016. 
More than one year after the treatment, in November 
2016, the average load bearing capacity on sections A 
to C was 61.6 to 66.9 MN m-2 or 5 to 29% above the 
pre-treatment level. Only in case of section A, this was 
not statistically significant. At the same time, the aver-
age load bearing capacity on section R in 77.9 MN m-2 
and 4% higher than in September 2015. The compa-
rison of load bearing capacity between forest road 
centerline and wheel paths revealed no statistically 
significant differences on sections B and R, and only 
occasional differences on sections A and C, typically 
between wheel path(s) and road centerline. No statis-
tically significant differences were observed between 
wheel paths.
3.2 Particle Size Distribution
Pre-treatment particle size distribution in locally 
available, windrowed material on section A (Fig. 4) 
was characterized by a prevalence of coarse particles 
(gravel and stone aggregates). The crushing treatment 
reduced the d50 by about half from 9.61 mm to 4.85 mm 
and the size of the largest particle from 112 mm to 
31.5 mm. The size of particles was reduced consider-
ably in particle size fractions above 0.5 mm and led to 
a much better alignment with the distribution recom-
mended by Kuonen (1983) for lime-water bonded sur-
face layers. The material was classified as skip-graded 
gravel-sand mix, with good suitability for earth and 
construction roads.
On section B (Fig. 5), samples had been taken from 
the material supplied and the windrowed mix of sup-
plied and locally available material, and from the latter 
on two subsequent days. The close alignment of sup-
plied and mixed material particle size distributions 
indicated that only a small share of the material 
stemmed from material locally available, thereby con-
firming the need for additional supply. Similar to sec-
tion A, the crushing treatment clearly enhanced par-
ticle size distribution and resulted in close alignment 
with Kuonen’s (1983) recommendations. The d50 of the 
supplied material was 26.7 mm, and it was 29.7 mm 
and 28.8 mm for the mixes of both days. Through 
crushing, it was reduced to 6.2 mm and 3.2 mm. Con-
trarily to section A, the crushed material featured a 
small share of larger gravel aggregate in both and fine 
fractions (silt to sand) the second day, while the share 
of the sand to gravel fraction was a little below pre-
scription for the mix of the first day. The size of the 
largest particles was reduced from 114 mm and 
112 mm to 63 mm in both cases. Crushing produced 
skip-graded material, which was classified and suited 
for the construction of earth and construction roads.
Fig. 3 Forest road load bearing capacity pre-treatment (September 2015) and development post-treatment. In July 2016, no load bearing 
capacity measurement was conducted on reference section R due to technical problems
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3.3 Maintenance Treatment Cost
Conducting the maintenance treatment with mate-
rial available on site (scenario A) was substantially 
cheaper than in the scenarios where non-graded (B) or 
well-graded material (C) was supplied (Table 1, Fig. 6). 
The total cost of scenario A corresponded to 33% (B) 
and 27% (C) of that of the others. High costs of the 
latter are explained by material and transport costs, 
which were the main cost item in both cases and rep-
resented about 67% and 82% of the total costs.
Fig. 5 Particle size distribution before and after crushing treatment on test section B. Samples were taken from additionally supplied mate-
rial and on two days from the mix of the supplied and locally available material before and after crushing. After the treatment, it showed a 
much better alignment with Kuonen’s (1983) recommendations for lime-water bonded surface layers
Fig. 4 Particle size distribution before and after crushing treatment on test section A. After the treatment it showed a much better alignment 
with Kuonen’s (1983) recommendations for lime-water bonded surface layers
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4. Discussion
For the first time, periodical maintenance with a 
mobile stone crusher was investigated with regard to 
its effect on the aggregate particle size distribution of 
the surface layer in combination with monitoring the 
post-treatment of forest road load bearing capacity 
development over one year. Further, its cost was com-
pared to alternative treatments involving supply of 
additional material.
The mobile stone crusher was capable of improv-
ing surface layer material characteristics and reducing 
the coarse, non-graded raw material to at least close-
to-well-graded material suitable for constructing for-
est road surface layers on both investigated sections. 
On section B, the maximum particle size was larger 
than recommended by Kuonen (1983) for lime-water 
bonded surface layers. However, mass share of over-
sized particles was small with less than 4% in total. 
One more pass by the mobile stone crusher might have 
been necessary to reduce these particles to the re-
quired size.
Forest road load bearing capacity increased sig-
nificantly on all test sections and on the reference sec-
tion immediately after the treatment. Some of this ef-
fect may have to be attributed to 14 days of dry 
weather with only 3.2 mm of precipitation and setting 
in of frost with daily temperature minima below 0 °C 
before the measurements in November 2015. Contrary 
to the reference section, the load bearing capacity re-
mained on a significantly higher level on the test sec-
tions throughout 2016, thus indicating that the treat-
ment had truly increased it. Only on section A, the 
load bearing capacity did drop to almost the pre-treat-
ment level in November 2016, which might be ex-
plained by timber harvesting and transport activities 
during that period, which resulted in rutting and de-
formation of the road surface in combination with 
daily mean air temperature alternating between minus 
and plus degrees. Unfortunately, no load bearing ca-
pacity measurements were conducted during spring-
time and thus the anticipated drop in springtime, as 
described by Burlet (1980), is not documented. In con-
trast to Fichtinger (2014), no continuously significant 
differences were observed between wheel path and 
centerline load bearing capacity. This probably can be 
explained by the fact that, contrary to this study, no 
vegetation covered the centerline and that the test sec-
tions were not subjected to heavy traffic to an extent 
that would cause such a disparity.
In accordance with previous investigations of Fern-
sebner (1995), Bassel and Clements (1998) and Sheehy 
(2001), the mobile crusher variant involving raw mate-
rial available on site was the most cost-efficient variant 
by far. Material and transport activities accounted for 
most of the costs in variants B and C (68% and 83%) 
and were thus in the same range as observed by Maier 
(1991) for maintenance operations of the Austrian 
 Federal Forests. Therefore, working with material 
available on site is preferable. If this is not possible, 
material should be sourced as locally as possible to 
keep transport distances and costs low. For example, 
if the transport distance can be reduced from 80 km to 
10 km (back and forth), transport cost can be reduced 
Fig. 6 Cost components of maintenance treatment for scenarios A to C
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by more than 50% and total costs by about 20%. If the 
material can be sourced from a gravel pit of the forest 
enterprise, the total cost can be decreased by about 
31% at 80 km transport distance and by more than 50% 
at 10 km distance. It is assumed here that loading is done 
with the truck bucket grapple. If a loader (93 € PSH15–1) 
is taken into account and under the assumption that 
loading takes 50% of the total loading and unloading 
time, the total cost decrease by about 22% for the long 
and 43% for the short transport distance. As shown by 
Stampfer (1991), the difference between variants B and 
C can be small, if the cost difference between well-
graded and non-graded material is marginal and 
equals the costs of crushing, and thus the employment 
of mobile stone crushers has to be evaluated case by 
case.
5. Conclusions
Mobile stone crushers are capable of producing at 
least close-to-well-graded forest road surface aggre-
gate and forest road load bearing capacity can be sig-
nificantly and lastingly increased at only a part of the 
costs of the alternatives. A maximum of cost- and re-
source efficiency and environmental soundness can be 
attained when enough raw material is available on 
site. If this is not the case, sourcing non-graded mate-
rial as local as possible is the next best alternative.
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